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The Formation of  Massive Black Hole Binaries

Credit: Shy Genel/IllustrisTNG
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Largest suite of  Circumbinary Disk simulations to date: Binary Evolution

}·qb ↑
·ab
·eb

Siwek+23a,b



Siwek+23b

A comprehensive model of  Binary Evolution in Circumbinary Disks
Semi-major axis evolution Eccentricity evolution

Hardening/Softening Circularizing/Eccentricity Growth

See also: Gould & Rix 2000; Armitage & Natarajan 2002, 2005; Cuadra+2009; 
Haiman+2009; Chang+2010; Farris+2015, Miranda+2017; Tang+2017; Moody+2019; 

Muñoz+2019; Duffell+2020; Muñoz+2020, Tiede+2020; Duffell+2020; 
Franchini+21,22, Zrake+2021, D’Orazio & Duffell 2021, …
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Binaries evolve towards equilibrium eccentricity (Siwek+23b)  

Ruggero Valli 
(MPA) 

Made this 
awesome plot!

Valli+24  
(in prep)
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2749 MBHBs from Illustris evolved with NANOGrav’s holodeck SAM (Kelley+ in prep) 
Eccentricity evolution of  MBHBs across frequency

Siwek+24 (in prep)
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Eccentricity evolution of  MBHBs across frequency
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CBD signature  vs eb qb

Uniform mess distribution
Siwek+24 (in prep)

Eccentricity distribution of  MBHBs in LSST & PTA
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Eccentricity distribution of  MBHBs in LSST & PTA

Siwek+24 (in prep)

Mass and eccentricity  
inversely related 



Eccentricity vs Mass in LSST MBHBs

Siwek+24 (in prep)



Eccentricity vs Mass in LSST MBHBs

Siwek+24 (in prep)

Lower Mass 
Binaries: 
LISA?
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✴Fourier decomposition of 
accretion variability 

✴How much power in each 
frequency? 

✴Tell-tale signatures 
pointing to eccentricity, 
mass ratio? 

✴Goal: map observed 
variability to eccentricity 
and mass ratio to decode 
MBHB population

Siwek+24b (in prep)

Multi-messenger signatures from CBD accretion: Variability



1. CBD physics 
dominates 
eccentricity 
evolution 

2. MBHB populations: 
 and 
 

3. Signature of  CBD 
physics: 
eccentricity vs 
mass ratio

qb ≳ 0.6
eb ≲ 0.5

Summary & Conclusions

• MBHB spins

Future Work:

• Multi-messenger transients

• Binary AGN feedback

• LISA Population MBH ≲ 106 M⊙
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Eccentricity vs Mass in LISA binaries
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Eccentricity vs Mass in LISA binaries

Will LISA see inverse 
trend in lower mass 

binaries?



The Evolution of  Massive Black Hole Binaries

MBHB evolution Siwek+24 (in prep)



2749 MBHBs from Illustris evolved with NANOGrav’s holodeck SAM (Kelley+ in prep) 
Eccentricity evolution of  MBHBs across frequency

Siwek+24 (in prep)

✴Initial eccentricity highly 
uncertain

✴Depends on galaxy 
merger conditions (e.g. 
Rawlings+23)

✴CBD erases this 
uncertainty!

✴Eccentricity evolution 
independent of initial 
state
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LISA Detection Rates

Siwek+24 (in prep)



LISA Detection Rates: 1% Eddington

Siwek+24 (in prep)



LISA Detection Rates: 10% Eddington

Siwek+24 (in prep)



LISA Detection Rates: 100% Eddington

Siwek+24 (in prep)


